INTRODUCTION
============

Histones and their post-translational modifications (PTMs) are intimately involved in chromatin-templated processes ([@B1; @B2; @B3]). The availability of fast, reliable and inexpensive methods for obtaining pure histone fractions while preserving their native PTMs is crucial for constructing epigenomic modification maps linked to chromatin function ([@B4; @B5; @B6; @B7; @B8; @B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19]) and for deciphering the putative epigenetic histone code ([@B2],[@B20],[@B21]).

Current histone isolation and fractionation methods rely on mechanical or nonionic-detergent cell lysis under mild, nondenaturing conditions, usually followed by nuclei isolation (and washes) and chromatin solubilization by nucleases, mechanical shearing or sonication ([@B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19],[@B22; @B23; @B24; @B25; @B26; @B27; @B28; @B29; @B30; @B31; @B32; @B33; @B34]). These steps are executed singly or in combination in the presence of phosphatase and deacetylase inhibitors to prevent enzymatic hydrolysis of histone biomarkers ([@B4],[@B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19],[@B34]). The extracted histones can be further fractionated by reverse-phase high-performance liquid chromatography (RP-HPLC) ([@B35],[@B36]) or analyzed by SDS- or non-SDS polyacrylamide gel electrophoresis (e.g. triton/acetic acid/urea and acetic acid/urea gels). Combinations of various electrophoretic systems can be used to generate more accurate, high-resolution, two-dimensional histone profiles ([@B37]).

Despite the progress in the global characterization of phosphorylated, acetylated and methylated histones by mass spectrometry (MS) ([@B4; @B5; @B6],[@B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19]), native histone PTMs may not be fully preserved when using conventional protocols for histone isolation. The turnover of PTMs is catalyzed by a variety of enzymes, most of which lack recognized inhibitors ([@B1],[@B38]). Even for the better known super-family of histone deacetylases, no universal inhibitor exists ([@B38]). Moreover, for many modifications, the enzymes involved in their turnover remain unknown ([@B38]). Additionally, the lengthy operations in the current protocols lead to methionine (Met) and cysteine (Cys) oxidation, even in the presence of reducing agents, making the interpretation of mass spectrometry (MS) data difficult ([@B19]).

Further, as noted above, cells are often incubated, prior to or concomitant with cell lysis by non-ionic detergents, in hypotonic solutions to destabilize the cytoskeleton, facilitating the separation of cytoplasm membranes from nuclei ([@B22],[@B34]). This severe treatment may induce unwanted protein dephosphorylation ([@B39],[@B40]), as well as similar artifactual changes in other PTMs. For example, characterization of the histone H2A-family by top-down MS surprisingly showed no phosphorylation on H2A, and no increase in H2A Ser1 phosphorylation during S- and M-phase ([@B18]). This result contradicts experimental evidence showing that bulk H2A is the heaviest phosphorylated histone in proliferating cells ([@B41; @B42; @B43; @B44]); some H2A iso-species and H4 Ser1 are maximally phosphorylated during S-phase and metaphase ([@B45]), and H2AX Ser139 phosphorylation is upregulated during S-phase ([@B46]). We have recently shown that RP-HPLC-fractionated histone H2A from unsynchronized mouse carcinoma cells contains ∼4-fold and 6-fold higher phosphate levels than H3 and H4, respectively, and that bulk phosphorylated H2A isoforms were resistant to cAMP-induced global histone dephosphorylation ([@B43]).

Another downside of the current methods for histone fractionation is the obligatory use of HPLC for large-scale MS analysis of fast and dynamically fluctuating histone modifications in response to environmental cues ([@B12],[@B15],[@B43]). The massive parallel HPLC fractionations are problematic: although HPLC is a powerful technique, it is cumbersome, time consuming, hazardous, expensive and requires highly skilled personnel to operate the instrument. Thus, it may not be available to many labs.

Here, we present novel methods for histone isolation and purification that bypass the use of HPLC and preserve the native PTMs of histones.

MATERIALS AND METHODS
=====================

Unless otherwise stated, reagents were of highest quality purchased from Fisher. All experiments were carried out at room temperature, unless otherwise specified.

Purification of histone H3/H4 from intact cells: salt-urea method
-----------------------------------------------------------------

The followed method, described herein, allows the separation of histone H3/H4 from histone H2A/H2B and eliminates the majority of contaminating biopolymers (e.g. proteins and DNA). Discard cell medium and wash adherent, 80%-confluent cells three times with prewarmed (37°C) serum-free growing medium. This step ensures minimum disturbance of the native PTM status and avoids possible interference of serum components with the purification process. With a Pasteur pipette connected to vacuum, maximally aspirate the remaining washing medium.Salt-urea-cell lysis. We hypothesize that the cell nucleus in concentrated urea solution, containing relatively low concentration of salt (e.g. 10 mM NaCl), would be relatively more stable than the cell cytoplasm. Thus, the stabilized nuclei can be separated from urea-solubilized cytoplasm by low-speed centrifugation. Add 2 ml (per 100 mm dish) of 8 M urea in 10 mM NaCl, 50 mM Tris--HCl, pH 8.0, 2 mM EDTA and 1 mM DTT (lysis buffer). The 8-M urea is intended to inactivate most of the unwanted uncontrolled enzymatic activities, thereby protecting the native histone PTMs. Incubate the cells in lysis buffer, making sure that the buffer spreads homogeneously over the cells (gently rotate the dishes by hand). Incubate for about 10 min, monitoring lysis under a phase contrast microscope; if necessary, increase lysis time. Too prolonged an incubation is not desirable since it may lead to nuclei lysis and release of DNA, making it difficult to handle the samples. Too short of an incubation can result in partial cytoplasm solubilization, nuclear aggregation upon centrifugation and poor H3/H4 purification.Upon completion of lysis, collect cell lysates into 2 ml microfuge tubes and add increasing concentrations of NaCl (i.e. from a 5 M stock add 100, 200 or 250 mM NaCl final concentration) to individual tubes to optimize the salt concentration required for H3/H4 purification based on cell type. Higher salt concentrations (e.g. 100--250 mM NaCl), in the presence of 8 M urea, would dissociate histone H2A/H2B from the chromatin leaving insoluble DNA-bound H3/H4. Typically, 0.1--0.25 M NaCl yields good recovery and purity of H3/H4 from a variety of cell lines, such as mouse embryonic kidney cells G7, 3T3-NIH, CHO and 1470.2 mouse breast carcinoma cells. Other cell lines (e.g., normal diploid fibroblast 5659 and 5759 cell lines) may require lower salt concentrations (e.g., 0.01, 0.1 or 0.2 M NaCl); concentrations higher than 0.25 M NaCl can result in H3/H4 loss. Spin down nuclei in a micro-centrifuge at 14 000 (14K = 18 000 rcf; Beckman Coulter Inc, Microfuge 18 Centrifuge, rotor F241.5p) r.p.m. for 10--20 min. This step completely lyses the nuclei, collapsing the chromatin and mitotic chromosomes into a gelatinous pellet.Detach pelleted nuclei from the bottom of the tubes by inverting the tubes and tapping the bottom of tube with fingers. Do not pipette the lysed nuclei to avoid DNA sticking to the pipette tips. If the collapsed chromatin partially sticks to the bottom of the tube, the purity and recovery of H3/H4 will not be affected. Carefully, drag the chromatin pellet into a 50-ml conical tube. With a 200 μl loading tip, aspirate residual cell lysate.Salt-urea wash of chromatin pellet (see note 1). Add 40 ml of 8-M urea in 50 mM Tris--HCl, pH 8.0, 2 mM EDTA, 1 mM DTT, containing the appropriate concentration of NaCl (i.e. 10, 100, or 250 mM) to the chromatin pellet. Invert the tube trice. Carefully decant supernatant (or drag chromatin pellet into a new tube with fresh washing solution). Aspirate residual solution as in step (iv). Repeat washes until no more protein can be detected in the washing solution by micro-Coomassie protein assay \[e.g. by dispensing 10 µl of the wash into 200 µl Coomassie Plus Protein Assay Reagent (Pearce, cat. no. 1856210) and compare with a dispensed 10 µl washing solution used as blank\].Acid extraction of H3/H4. H3/H4 can be recovered from the chromatin pellet in diluted acid solutions (0.2 M H~2~SO~4~ or HCl), leaving behind the insoluble DNA. Add 150--200 µl of 0.2 M H~2~SO~4~ to 100 mm dish pellet. Extract histones for 1 h or overnight on ice with occasional vortexing. Centrifuge the insoluble DNA for 5 min at 14 K. Collect H3/H4 supernatant and precipitate H3/H4 with 35% (final concentration) trichloroacetic acid (TCA, Fisher, cat. no. A322-100), overnight in ice; if desired, keep the insoluble DNA-pellet after the first acid extraction for SDS--PAGE analysis or for re-extraction.Microcentrifuge the histone pellet at 14 K for at least 30 min; recovery of H3/H4 will be proportional to the time of centrifugation. Discard supernatant (do not use vacuum) and save pellet. In some cases, the histone pellet will be spread over the tube walls, and additional care should be taken to avoid losing it. Following washing and drying, the histone pellet (Note 2), dissolve pellet in H~2~O or in any other appropriate solvent (70 µl for 100 mm dish) and neutralize aqueous solution before use (Note 2).

Nonacid SP-recovery of H3/H4 from step (v)
------------------------------------------

Alternatively, H3/H4 can be recovered by sonicating the chromatin pellet in 8-M urea and selective adsorption of H3/H4 onto Sulfopropyl-Sepharose (SP, Sigma-Aldrich cat. no. S1799) beads. The principle of this procedure relies on the ability of high concentration of urea to dissociate H3/H4 from fragmented tetrasomic DNA by unfolding H3/H4. Urea, in turn, has a weak shielding effect on the negative and positive charges on SP and histones, respectively; since urea interacts mainly with hydrophobic moieties. This allows a robust adsorption of H3/H4 to SP. This procedure would preserve acid-sensitive nitrogen phosphorylation that can be subsequently detected in polyacrylamide gels by a neutral Imidazole-Zn reverse staining solution (Note 3) as follows: Equilibrate chromatin pellet from step (v) (containing H3/H4) by adding 2 ml of 8- M urea, 20 mM Tris--HCl, pH 8.0, 2 mM EDTA, 1 mM DTT (equilibration solution). Repeat this operation four times. For the last two operations, gently rotate the tubes for 5 min at RT to achieve optimum equilibration.Spin pellet at 14 K for 5 min and discard supernatant.Add equilibration solution to the chromatin pellet to a final volume of 0.5 ml.Sonicate pellet at R/T (four times at 20% sonifier power for 30 s) (Branson Digital Sonifier, model CE Converter 102C, micro-tip 3 mm/1/8"). Visually verify for pellet fragmentation by inverting trice the tube. If necessary, sonicate for a longer period.

### Nonacid SP-chromatography of sonicated chromatin-containing H3/H4

\(v\) Wash 1 ml of SP resin in 20 ml double deionized (dd) water. Repeat this operation two more times. Resuspend SP in 1 ml dd-water, mix well, and take 0.3 ml with the aid of a cut 1-ml tip. Centrifuge at 4 K in a microfuge, discard water and add the sonicated chromatin-containing H3 and H4 to 0.15 ml of swollen SP resin.(vi) Rotate sample at RT for 40 min.(vii) Spin SP-resin at 4 K for 5 min. Save supernatant for SDS--PAGE analysis.(viii) Wash SP-bound H3/H4 with 0.5 ml chromatin equilibration solution (at least four times) until no protein can be detected by micro-Coomassie assay. Use 10 μl of 8-M urea as a control blank.(ix) Wash away urea solution with 25 mM Tris--HCl, pH 8.0, containing 2 mM EDTA.(x) Elute H3/H4 in batch with 0.4 ml of 1.1 M NaCl, 25 mM Tris--HCl, pH 8.0, 2 mM EDTA. Repeat this operation three more times and collect all fractions.(xi) Run equal volumes of all samples (input, washes and elution) in a 12.5% or 15% SDS--PAGE and detect the protein bands with a method of choice.

Note 1: A note of caution is warranted here. Urea in solution undergoes slow spontaneous rearrangement to ammonium cyanate (NH~4~CN) that may react with amino or sulfhydryl groups on proteins ([@B47]) and possibly with phosphate groups on DNA ([@B48]). Thus, this solution should be made fresh for each purification batch.

Note 2: Whenever histones are acid-precipitated, rinse the histone pellet (to eliminate residual salts that may interfere with MS analysis) twice with 1.5 ml of the same precipitating solution (diluted TCA or perchloric acid) by inverting the tube with the rinsing solution a few times (no pipetting, no vortexing). Rinse acid-washed pellet twice with acetone/0.2% HCl and twice with acetone alone. Aspirate washes with an appropriate pipette (do not use vacuum). After each rinse, centrifuge samples for 5 min at 14 K. Air-dry the histones and dissolve in appropriate solvent (H~2~O or any buffer) by incubating the pellet for at least 1 h at RT with occasional vortexing. Exercise care not to lose the histones to the tube walls. The ultimate pellet may be acidic; neutralize it right before use with 50 mM final concentration of Tris--HCl, (from 1 M stock) pH 8.0. Check pH by spotting 2 µl of histone solution onto a pH-indicator paper (Whatman, cat. no. 2613991). Storing the isolated histones in acidic solutions prevents Cys and Met oxidation. If desired, the histones can be directly dialyzed in an appropriate buffer, omitting the precipitation step; the buffer should contain low concentration of Tween-20 (0.02--0.1%) to prevent histone binding to surfaces and 2--10 mM DTT to protect oxidation of Met and Cys.

Note 3: Nonacid recovered H3 and H4 (10--20 ng each) can be resolved by SDS--PAGE and visualized using a sensitive neutral imidazole-zinc reverse staining method ([@B49]). After excising the H3 and H4 bands, incubate the acrylamide slices for 5 min in 1 ml of 0.5 M EDTA with two changes to eliminate the imidazole--Zn complex that would otherwise prevent the recovery of H3 and H4. The proteins can then be extracted in an appropriate solution containing 0.05--0.1 M EDTA to dissociate the residual imidazole--Zn complex. The extracted H3/H4 can be subjected to MS analysis. Transfer of histones to a membrane should be done in the presence of 0.01--0.03 M EDTA, after the initial removal of the imidazole--Zn precipitate from the SDS gels. If urea samples are intended to be resolved by SDS--PAGE, do not heat the samples since urea solutions cleave protein peptide bonds. Instead, incubate the samples in reducing sample buffer for 10 min at 37°C.

Note 4: Core histones or highly purified H3/H4 in 8 M urea precipitate poorly in TCA or HClO~4~ solutions, regardless of the histone concentration. To avoid loss during acid precipitation, histones can be first concentrated by re-adsorption onto 0.1--0.2 ml SP-resin as follows. The samples are first diluted to a final concentration of at least 1-M urea in 50 mM Tris--HCl, pH 8.0, 2 mM EDTA, and flowed twice by gravity through 0.1--0.2 ml SP packed in a 0.2-cm diameter disposable column. After washing SP in the same buffer (1 ml) without urea, 2 M NaCl-eluted fractions of 0.1 ml each are collected, pooled, precipitated with 35% TCA and further treated as described in Note 2.

Similarly, if the H3/H4 tetramer in the 2 M NaCl eluate from the SP resin is too diluted for acid precipitation (despite using a 2 M NaCl elution step, which concentrates the histones), the H3/H4 fractions can be diluted to 0.2 M NaCl in the above buffer and concentrated on SP resin as above.

SP-core histone purification and H2A/H2B fractionation from H3/H4 obtained from acid-extracted undisturbed whole cell
---------------------------------------------------------------------------------------------------------------------

Grow cells on three 150-mm dishes to 80--100% confluence and proceed as in salt-urea method \[step (i)\].Add 2 ml of 0.1 M H~2~SO~4~ (prepared in deionized H~2~O from ∼18 M H~2~SO~4~ concentrated stock) to each dish. Collect cells in three 2 ml Eppendorf tubes by detaching the cells with a plastic cell lifter. Extract bulk histones for 1--2 h (or overnight) on ice with occasional vortexing. Spin cellular debris in a microfuge at 14 K at 4°C, for 5 min. Collect supernatant containing total histones plus contaminating proteins, and pool the three extracts (∼6 ml) in a 14-ml conical tube.SP-chromatography of acid-extracted whole histones. Neutralize the extract by adding 6 ml of 1 M Tris--HCl, pH 8.0, to the pooled 6 ml 0.1 M H~2~SO~4~-extracts (after neutralization the pH of crude extracted histones should be ∼7--8). From concentrated stock solutions, add NaCl, EDTA and DTT to a final concentration of 200 mM NaCl, 2 mM EDTA, 1 mM DTT. Flow neutralized extract (flow rate 0.3--0.4 ml/min; if necessary, the flow rate can be reduced or increased) through 1--2 ml of packed SP fast-flow resin (column: diameter 0.5 cm, height 5 cm) pre-equilibrated with 50 mM Tris--HCl, pH 8.0, 2 mM EDTA (equilibration buffer) plus 200 mM NaCl (use at least 10-fold excess buffer volume over the resin volume). If necessary, collect the SP flow-through (FT) fraction depleted of histones for analysis.The resin with bound H1 and core histones is washed with 0.5 M NaCl in the above buffer, with at least 10 resin-volumes. This step serves to clean H1 and core histones from contaminants. Check protein contaminants in the wash by dispensing 10 µl of FT into 200 µl Coomassie Plus Protein Assay Reagent (see note 5). If necessary, prolong the wash until no more protein is detected in the wash fractions.

Note 5: H1 is not detected in solution by the currently used Coomassie protein assay. H1 concentration can be determined by SDS--PAGE using any commercially available H1 standard. If H1 is not needed, ignore this step (iv) and go to step (v), in which 0.6 M NaCl is used to wash off contaminants and H1 in a single step. Depending on the cell type, H1 can be practically quantitatively recovered in the following 0.6-M wash, whereas core histones remain bound to SP. Elute H1 at 0.6 M NaCl in the SP equilibration buffer \[step (iii)\]. Discard the resin FT fraction (0.5--0.7 ml for 1 ml resin). Collect at least five fractions of 1 ml each. For most cell types (but not for 1470.2 cells, see [Figure 3](#F3){ref-type="fig"}B), these fractions contain mainly H1. Additionally, wash the resin with at least 5 resin-volumes of the same buffer and discard the wash. Precipitate H1 in 35% TCA, overnight on ice; process the samples as described in Note 2 for the salt-urea method. Some protein contaminants can co-elute at 0.6 M NaCl and are easily separated from H1 by precipitating them at 5% HClO~4~. H1 is then precipitated at 20-35% TCA or dialyzed. (v) Elute bulk core histones in 2 M NaCl in equilibration buffer. Collect eluted histones in fractions equal to the volume of the SP-matrix (e.g. for 1 ml resin, collect 1 ml elution fractions). The majority of core histones and some H1 (for some cell types) elute in the first and second fraction. Some minor contaminants migrating above canonical H3 are observed as well. Precipitate core histones in 35% TCA and process the samples as described in Note 2 for the salt-urea method. Alternatively, dialyze the eluted histones against your buffer of choice. This process yields ∼0.5 mg of purified core histones.(vi) Differentially precipitate core histones from residual H1 with 4--5% of HClO~4~ (reagent ACS, 70% in water; Across Organics, cat. no. 424030010), on ice overnight. Pellet precipitated core histones for 30 min at 14 K. If desired, save supernatant and re-precipitate H1 with 35% TCA at 4°C overnight. Pellet H1 for 1 h and proceed as described in Note 2 for the salt-urea method.(vii) SP-fractionation of H2A/H2B from H3/H4. Alternatively, after washing with 0.6 M NaCl, H2A/H2B can be selectively eluted from SP (keeping H3/H4 bound to the resin) in 0.8 M NaCl, 50 mM Tris--HCl, pH 8.0, 2 mM EDTA, in the first 4-5 fractions of 1 ml each (for three 150-mm confluent dishes). For most cell types, 0.8 M NaCl optimally resolves H2A/H2B from H3/H4. Slight contamination of H2A/H2B with H4, if seen, is most likely due to over-saturation of the SP resin with histones. H3/H4 can be recovered in the first or second 1-ml fractions eluted in 2-M NaCl in the same buffer. Precipitate fractionated H2A/H2B and H3/H4 in 35% TCA overnight on ice. Proceed as described in Note 2 for the salt-urea method. Note that highly purified diluted H3/H4 and H2A/H2B precipitate poorly with TCA or perchloric acid. The fractionated H2A/H2B and H3/H4 can be concentrated by re-adsorption onto SP resin (Note 4). Figure 1.(**A**) Flow diagram of salt-urea H3/H4 isolation from whole, undisturbed 1470.2 cells. The salt-urea treatment rapidly dissolves the cell cytoplasm and certain chromatin components, such as H1 and H2A/H2B histones. During this process, the nuclear envelope containing tetrameric H3/H4 histones and DNA (tetrasomes) is relatively well preserved and nuclei do not clump together. This phenomenon is consistently seen using a variety of salts (sodium phosphate, NaCl, KCl, etc.), suggesting that nuclei stabilization is not salt-specific. (**B**) High yield recovery of H3 and H4 from intact cells by using high urea and salt concentrations. Duplicate samples (bottom underlines 1, 2 and 3) were treated with 8-M urea at increasing concentration of NaCl (10, 100 and 200 mM, as indicated at the top). The histones were sulfuric-acid extracted, TCA precipitated, and resuspended in 80 μl of denaturing reducing sample buffer (RSB) for analysis on 12.5% SDS--PAGE and stained with Coomassie blue. Duplicate histone samples, extracted with H~2~SO~4~ and 2× reducing sample buffer (RSB), are shown for comparison (four lanes next to marker lane). The RSB sample contains all cellular proteins and is used as a control for histone yield and purity. With the exception of the RSB samples (which were loaded directly), the extracted histones were TCA precipitated and resuspended in 80 µl of RSB for gel loading. Five microliters of each sample were loaded per well. Indicated at the top of the gel are: lane 1, H~2~SO~4~-insoluble cell debris after H3/H4 extraction; lane 2, cell cytoplasm and some nuclear proteins solubilized in 8-M urea at increasing NaCl concentrations (indicated at the top of the gel); lane 3, H~2~SO~4~-extracted H3/H4 after salt-urea treatment. Figure 2.Nonacid-SP histone H3/H4 recovery from 1470.2 cells after salt-urea treatment. (**A**) Coomassie-stained 12.5% polyacrylamide gel of SP-recovered H3/H4 fractions (left panel), with the same gel stained with ethidium bromide (right panel). Lane 1, RSB-total cell extract; lane 2, H3/H4 input to SP after salt-urea treatment; lanes 3--6, 8- M urea wash of SP-bound H3/H4; lanes 7--10, H3/H4 fractions eluted with 1.1 M NaCl; lane 11, H~2~SO~4~-extracted histones from whole cells. (B, a and b) Comparison by immunoblotting of the preservation of some histone modifications among different histone extraction methods. Lane 1, SDS-RSB-total cell extract; lane 2, input SP of salt-urea purified H3/H4; lane 3, SP-eluted H3/H4; lane 4, core histones extracted by the method described in ref. 34. The anti-histone antibodies used were either specific for particular modifications of particular residues on histones H3, H4 or H2A, or recognized H3 or H4 acetylated at multiple residues, as indicated on the right of each blot. Ponceau S staining was used to assess histone loading. Figure 3.(**A**) Flow chart of histone purification through SP, after H~2~SO~4~ extraction from whole cells. (**B** and **C**) 15% SDS--PAGE analysis of single-step SP-purification of whole core histones (B) and fractionation of H2A/H2B from H3/H4 (C), respectively. (**B**) Following washes with 0.5 M NaCl (lanes 4--6) and with 0.6 M NaCl (lanes 7--13), histones were eluted at 2 M NaCl and further fractionated by HClO~4~-precipitation into core histones (lanes 14--16) and linker histones (lanes 17--19). (**C**) Following the 0.6 M NaCl wash \[as in (B)\], H2A/H2B were separated from H3/H4 by stepwise elution at 0.8 M NaCl (lanes 2--5), followed by H3/H4 elution at 2 M NaCl (lanes 6--9). Potential problems with TCA precipitation of diluted column fractions can be overcome by another SP run (Note 4).

H3 separation from H4 or bulk SP-eluted histones by covalent targeting H3 reduced Cys through thiopropyl-Sepharose-6B
---------------------------------------------------------------------------------------------------------------------

H3 histones in the core particle structure or in H3/H4 tetramers have buried and reduced cysteine residue(s). These residues are exposed in denaturing solvents and can be covalently targeted by activated thiol-residues attached to a solid support \[[T]{.ul}hiopro[p]{.ul}yl-[S]{.ul}epharose-6B (TPS; Amersham Biosciences, vendor Fisher, cat. no. NC9631897)\]. TPS contains reactive 2-thiopyridyl disulfide groups attached to Sepharose through a chemically stable ether linkage. Thus, reduced Cys-SH groups on H3 can be covalently attached to the matrix through an S-S bond, displacing the resident thiopyridyl groups. None of the other histones has cysteine residues and can thus be recovered in the FT and subsequent washes. In addition, oxidized H3-Cys-SH groups would not react with the TPS. Thus, this type of covalent chromatography acts as an affinity-like step for H3 isolation from its oxidized forms and other histones as well \[do not confuse 2,2′-dipyridyl disulfide activated thiopropyl-Sepharose-6B (commonly known as thiopropyl-Sepharose-6B, which is the one used here) with 2,2′-dipyridyl disulfide-activated glutathione-Sepharose-4B, commonly known as activated thiol-Sepharose 4B\]. Weigh 1 g of activated TPS resin (1 g = 4 ml) and mix with 50 ml of H~2~O in a 50-ml conical tube. The matrix swells up fast; gently rotate the tube until crystalline-like additives (compounds preserving the functional properties of the resin) are fully dissolved. Pellet the matrix by low-speed (2-K r.p.m.) centrifugation. Thoroughly batch-wash the matrix five times with 50 ml of H~2~O each time.Equilibrate TPS matrix by resuspending it in 50 ml of freshly prepared 8-M urea, 2 mM EDTA, 50 mM Tris--HCl, pH 8.0 (denaturing equilibration buffer, DEB). Decant buffer and repeat equilibration step. Pellet the resin at 4-K r.p.m. (due to high density of the urea solution). Discard supernatant. This step can be done in a column-packed matrix as well.Resuspend 4 ml of matrix in 4 ml of DEB. With the aid of a cutoff 1 ml pipette tip, take 1 ml of matrix suspension twice and place it into a 2 ml Eppendorf tube. Centrifuge at 3-K r.p.m. and discard the buffer. Dissolve 0.2--0.3 mg of isolated H3/H4 or 0.4--0.6 mg of bulk histones in 0.5 ml of DEB. A note of caution is warranted here: DTT or any other sulfhydryl-containing chemical might interfere with the covalent binding of H3 to TPS, thus, avoid the presence of such compounds in the H3 binding solution. Add the denatured histones to 1 ml TPS and vertically rotate the mix for 2.5 h at RT to achieve homogeneous distribution of the histone solution over the resin. Do not use any other type of device for this operation. The volume of histone solution can be kept low but sufficient to achieve good mixing with the matrix. The rate of the covalent reaction between the TPS and H3-Cys-SH inversely correlates with the reaction volume and decreased H3 concentration. In other words, the more concentrated the histones are, the faster the reaction would take place between H3-Cys-SH group and the matrix. One volume of thiopropyl-Sepharose to 0.5 ml of histone mix would be a desirable mixing ratio.Collect either H1/H4/H2A/H2B or H4 in the FT and washes. Typically, the unbound histones are recovered in the FT and in one or two column fractions. Histones in urea precipitate poorly even at high histone concentration (0.5--1 mg/ml). Therefore, dialyze the histones against an appropriate buffer. Alternatively, to change the urea buffer and concentrate the histones, these TPS-FTs can be treated as described in Note 4.Elution of H3. Add 0.5 ml of 50 mM DTT in DEB to the H3-bound-TPS, mix well and incubate the matrix at 37°C for 30 min. Spin down the resin at 3-K r.p.m. and collect H3 in the supernatant. Repeat this procedure until all H3 is reduced and solubilized. Finally, by SDS--15%--PAGE, check for the absence of H3 on the TPS resin by collecting, previously rinsed in water, 20 µl of resin and heating it at 100°C in 2× reducing sample buffer (do not heat the sample in 8-M of urea, see note 3). Pool the eluted H3 fractions and dialyze against a solution of choice or use the procedure described in step (iv) above for histone concentration.

Cell culture
------------

Cell line 1470.2 (derived from C127 mouse mammary adenocarcinoma cells, a generous gift of Dr. C. L. Smith), G7 embryonic kidney cell line (a gift of Dr. L. A. Parada) and HeLa cells were maintained in high-glucose DMEM, containing 10% fetal bovine serum (Atlanta Biologicals), 2 mM pyruvate, 4 mM glutamine and 10 µg/ml of ampicillin and streptomycin. The growth medium for 1470.2 cells was additionally supplemented with 100 ng/ml of epidermal growth factor (Sigma-Aldrich, cat. no. E1257).

Treatment of cells to obtain hyper-phosphorylated or hyper-acetylated histones
------------------------------------------------------------------------------

To obtain hyper-phosphorylated histones, HeLa cells (80% confluence) were mitotically arrested by treatment with 1 µg/ml nocodazole (Sigma-Aldrich, cat. no. M1404) for 24 h. Hyper-acetylated histones were obtained by treating HeLa cells with 40 mM sodium butyrate (Alfa Aesar, Lancashire, UK; vendor, Fisher, cat. no. 156-54-7) for 20 h ([@B50],[@B51]).

Gel electrophoresis, western transfer and immunoblotting
--------------------------------------------------------

Cellular extracts were resolved by electrophoresis in sodium dodecylsulfate (SDS)--12.5%- or 15%--polyacrylamide gels. Proteins were visualized by staining of gels with either GelCode Blue Stain Reagent (Pierce; vendor Fisher, cat. no. PI-24590), or Coomassie Blue R-250; or staining of membranes with Ponceau S (Sigma-Aldrich, cat. No. P3504), after western transfer.

Western transfer of proteins onto 0.1 µm pore size nitrocellulose membrane (Whatman, Protran, BA79, Superior Nitrocellulose Membrane; vendor Fisher, cat. No. 09-301-120) was carried out in a Hoeffer Semi-dry transfer unite 77 (GE Healthcare, cat no 80-6211-86) for 40 min at 9 mA per cm^2^ of membrane in 1× Tris-Glycine buffer containing 0.05% SDS and 7% methanol. Immunoblotting was performed with antibodies against specific H3, H2A, and H4 modifications (Upstate Biotechnology, NY), according to the manufacturer\'s instructions. The membranes were incubated with peroxidase-conjugated anti-rabbit secondary antibodies (Jackson Immunoresearch), and bound antibodies were detected using a chemiluminescence assay (Pierce; vendor, Fisher, cat. no. PI-32106), after exposure to films. When necessary, membranes were stripped in a solution containing 8--9-M urea/10--20% acetic acid, at 60°C for 1 h or at RT, overnight ([@B43]). After re-blocking the membrane with 4% skim milk in TBS, antibody stripping was verified by incubating the stripped membranes with HRP-secondary antibodies and developing the membranes using the chemiluminescence assay.

Supercoiling assay
------------------

Nucleosome assembly factors (fraction QS500) were purified from HeLa cells and used for supercoiling reactions as previously described ([@B52]). Briefly, 6.5 µg of BlueScript plasmid was relaxed with 15 IU of Topoisomerase I (Promega); 1.25 µg of relaxed DNA was used per reaction. The QS500 fraction (10 µl at 8 µg/µl) was pre-mixed with hyper- or hypo-phosphorylated histones H3/H4 (2 µg per reaction) for 15 min at RT. The relaxed plasmid was added and the deposition reaction was allowed to proceed for 2 h at 37°C, in a final volume of 13 µl. The reaction was stopped with 0.1% SDS (final concentration) and 5 µg proteinase K. The protease digestion was carried out at 37°C for 1 h and the DNA purified by phenol/chloroform/isoamyl alcohol extraction. The DNA topoisomers were resolved, without further manipulation, by 0.9% agarose gel electrophoresis in 1× TAE buffer. Similarly, hyper- and hypo-phosphorylated core histones (4 µg per reaction) were assembled into poly-octasomes and processed as described above.

RESULTS AND DISCUSSION
======================

Salt-urea purification of histones H3/H4 from whole undisturbed cells
---------------------------------------------------------------------

In water, hydrophobic clusters responsible for protein folding stabilize intermolecular interactions as well ([@B53; @B54; @B55]). Additionally, strong ionic solutes in water render the macromolecular environment even more polarized than pure water, causing 'salting-out' effects of interacting hydrophobic surfaces, thus strengthening the hydrophobic interactions among biomolecules ([@B53; @B54; @B55]). As a consequence, the interacting hydrophobic surfaces are less accessible to denaturing solutes, such as highly concentrated urea ([@B55]) and acids ([@B56]) in the presence of salts. On this basis, we hypothesize that the cell nucleus in concentrated urea solution containing salt (e.g. NaCl) would be relatively more stable than the cell cytoplasm. Thus, the stabilized nuclei can be separated from urea-solubilized cytoplasm by low-speed centrifugation. In addition, we exploited the properties of the nucleosome particle to isolate the H3/H4 tetramer from chromatin. In nucleosomes, hydrophobic forces and ionic interactions stabilize the DNA wrapping around the octameric core histones, in which tetrameric H3/H4--DNA interactions are stronger than those between H2A/H2B and DNA ([@B57; @B58; @B59]). In addition, salt separation of H2A/H2B from H3/H4 is readily achieved at lower ionic strength, since H2A/H2B have a weaker positive charge than H3/H4.

Thus, in contrast with current methods that use mild conditions for cell lysis ([@B9; @B10; @B11; @B12; @B13; @B14],[@B17],[@B22],[@B24; @B25; @B26],[@B28; @B29; @B30; @B31],[@B34],[@B60]), we first rinse the cells with warm serum-free DMEM medium to ensure minimum metabolic disturbance of the cells ([@B43]) and then lyse the cells in 8-M urea containing salt. Therefore, we bypass the traditional nuclei isolation step (see 'Materials and Methods' section). We suggest that the precise time for cell lysis, while still preserving the nuclear envelope relatively intact, should be empirically established for each cell type. Of note, nuclear aggregation must be avoided during the initial cell lysis to permit better solubilization of both cytoplasmic and nuclear contaminants; this step is critical for obtaining highly purified H3/H4. The simple and effective salt-urea method yields highly purified H3/H4 with near 100% recovery in a single step ([Figure 1](#F1){ref-type="fig"}A and B, lane 3). This procedure does not require the aide of any binding matrices, such as, for example, hydroxylapatite, previously reported in other methods. Duplicate cell extracts treated at increasing NaCl concentration (10--200 mM NaCl, [Figure 1](#F1){ref-type="fig"}B) clearly show that in the presence of 8-M urea most contaminant proteins are removed (lane 2), including H2A/H2B and part of H1, from bulk and nonfragmented chromatin (lane 3). Curiously, a portion of H1 remains persistently attached to chromatin under these conditions. Since H1 is soluble in 5% HClO~4~ ([@B29],[@B30]), H3/H4 are easily separated from this residual H1 by precipitating the sulfuric acid-extracted histones with 4--5% HClO~4~ (see [Figure 3](#F3){ref-type="fig"}B, lane 18).

A flexible feature of this method allows non-acid H3/H4 recovery after DNA fragmentation in the presence of 8 M urea (see 'Materials and Methods' section), by selectively capturing H3/H4 by a strong cationic exchange resin (SP in this case, see 'Materials and Methods' section). The principle of this procedure relies on the ability of high concentration of urea to dissociate H3/H4 from fragmented tetrasomic DNA by unfolding the histones. Urea, in turn, has a weak shielding effect on the negative and positive charges on SP and histones, respectively; since urea interacts mainly with hydrophobic moieties ([@B55]). Indeed, in [Figure 2](#F2){ref-type="fig"}A fragmented DNA is found in the SP flow through and washes ([Figure 2](#F2){ref-type="fig"}A, see Coomassie and ethidium bromide stained gels, lanes 3--6, respectively) while H3/H4 are retained on the SP ([Figure 2](#F2){ref-type="fig"}A, see Coomassie and ethidium bromide stained gels, lanes 7--10). Thus, this procedure would aide in the analysis of the elusive histone nitrogen phosphorylation, which is extremely labile at low pH ([@B61; @B62; @B63]). After purification, the H3 and H4 can be resolved by SDS--PAGE and visualized using a neutral and sensitive imidazole-zinc reverse staining method ([@B49]) (see Note 3). Additionally, highly phosphorylated H2A and low-molecular-weight protein contaminants that would dramatically interfere with ^32^P-H3 detection by SDS--PAGE are eliminated from the final H3/H4 preparation without HPLC fractionation ([@B43]).

We next compare the ability of salt-urea-SP procedures (nonacid-SP method) to preserve histone phosphorylation and acetylation ([Figure 2](#F2){ref-type="fig"}B). For this purpose, we compared the preservation of phosphorylated Thr3 and Ser10 on H3 (H3Thr3p and H3Ser10p, [Figure 2](#F2){ref-type="fig"}Ba), and Ser1 on H2A and H4 (H2ASer1p and H4Ser1p, [Figure 2](#F2){ref-type="fig"}Bb); we also examined the total acetylation on H3 and H4 ([Figure 2](#F2){ref-type="fig"}Bb, H3-Ac and H4-Ac, respectively). We used specific antibodies to detect such phosphorylated and acetylated residues. In addition, we compared the levels of such modifications with levels obtained by known published protocols ([@B34]) ([Figure 2](#F2){ref-type="fig"}B, a and b, lanes 4). The levels of phosphorylation and acetylation were similar for histones obtained by SDS-reducing sample buffer (SDS-RSB) and urea-salt-SP method \[[Figure 2](#F2){ref-type="fig"}Ba, compare lanes 1 (SDS-RSB), 2 (input to SP of salt-urea purified H3/H4 histones) and 3 (H3/H4 eluted from SP)\]. Note that since H2A is not recovered using our salt-urea method, the signal for H2ASer1p is almost absent from lanes 2 and 3 in [Figure 2](#F2){ref-type="fig"}Bb, as expected. Surprisingly, phosphorylated Thr3 and Ser10 on H3 ([Figure 2](#F2){ref-type="fig"}Ba, lanes 4) and phosphorylated Ser1 on H4 ([Figure 2](#F2){ref-type="fig"}Bb, lane 4) are dramatically reduced when using conventional published histone extraction protocols ([@B34]). Phosphorylated Ser 1 on H2A (H2ASer1p, [Figure 2](#F2){ref-type="fig"}Bb, lane 4) is somewhat diminished as well. However, acetylated levels of H3 and H4 are similar among procedures ([Figure 2](#F2){ref-type="fig"}Bb).

SP-purification of core histones and isolation of H2A/H2B from H3/H4
--------------------------------------------------------------------

The salt-urea-SP procedure does not permit the recovery of either whole core histones or isolated H2A/H2B. Thus, we have designed a simple, low-pressure, cation-exchange procedure that yields highly purified core histones ([Figure 3](#F3){ref-type="fig"}A and B, lane 15) or isolated H2A/H2B ([Figure 3](#F3){ref-type="fig"}C, lanes 2--5) and H3/H4 ([Figure 3](#F3){ref-type="fig"}C, lane 8) in a single chromatographic step (see flow chart in [Figure 3](#F3){ref-type="fig"}A). The rationale for using SP for core histone isolation and fractionation of core histone moieties (H2A/H2B and H3/H4) is based on the strong interaction that is expected between highly basic proteins and a strong cation-exchanger such as SP. Histones have the highest isoelectric point among proteins. This unique property renders them positively charged even at high pH, contrasting other proteins that would lose their net positive charge at pH ∼8. The highly basic nature of the histones allows them to bind to SP even at relatively high salt concentration (0.2 M NaCl). In addition, separation of H2A/H2B from H3/H4 is readily achieved at lower ionic strength (0.8 M NaCl), since H2A/H2B have a weaker positive charge than H3/H4.

In the acid-SP procedure ([Figure 3](#F3){ref-type="fig"}A), as in the salt-urea method ([Figure 1](#F1){ref-type="fig"}A), cells are rinsed with warm serum-free DMEM medium to ensure minimum metabolic disturbance of the cells ([@B43]), after which histones are directly acid-extracted (pH \< 1) ([Figure 3](#F3){ref-type="fig"}A). The acidic environment ensures full protein denaturation and inhibition of the enzymes that may affect the histone native PTMs. Next, the histone solution is neutralized with Tris--HCl, pH 8.0 and made 0.2 M with respect to NaCl to allow histone adsorption, while minimizing binding of contaminants, to SP. We have used this strategy to isolate histone chaperones in complex with other proteins ([@B52]). As shown in [Figure 3](#F3){ref-type="fig"}B (lane 3), ∼50% of the contaminating proteins were collected in the SP-FT fraction. After washing with 0.5 and/or 0.6 M NaCl (lanes 4--13), the bound core histones were eluted at 2 M NaCl ([Figure 2](#F2){ref-type="fig"}B, lanes 14--16). Note that core histones are separated from histone H1 by HClO~4~ precipitation (lanes 14--16 and 17--19, respectively).

As mentioned above, an additional advantage of the acid-SP method is its ability to separate H2A/H2B from H3/H4 ([Figure 3](#F3){ref-type="fig"}C, lanes 2--5 and 8, respectively) without the need for HPLC. This procedure does not require salt gradient elution either: H2A/H2B are eluted at 0.8 M NaCl ([Figure 3](#F3){ref-type="fig"}C, lanes 2--5), and highly purified H3/H4 are eluted at 2 M NaCl ([Figure 3](#F3){ref-type="fig"}C, lane 8). In addition to being more convenient and reproducible, the stepwise elution permits extensive washing of the matrix, ensuring that the histones eluted at higher salt concentrations are not contaminated with proteins from the preceding peak ([@B52]).

Preservation of histone modifications by the acid-SP histone purification method
--------------------------------------------------------------------------------

Most important of all, the SP chromatography protects the histone native PTMs by acid-inactivation of unwanted enzymes or by not extracting such enzymes at all (see below and [Figure 4](#F4){ref-type="fig"}). [Figure 4](#F4){ref-type="fig"} illustrates the preservation of histone phosphorylation, methylation and acetylation in histones purified by the acid-SP method. We have compared the levels of such modifications in input H~2~SO~4~-extracted core histones with their SP-purified counterparts from two cell lines (G7 and 1470.2 cells, [Figure 4](#F4){ref-type="fig"}A). Upon acid- extraction, one aliquot was preserved frozen at --20°C as input material for SP ([Figure 4](#F4){ref-type="fig"}A, lanes 1). After SP-core histone purification ([Figure 4](#F4){ref-type="fig"}A, lane 6), histones were resolved by 12.5% SDS--PAGE and transferred onto nitrocellulose membranes. The levels of PTMs were determined with specific antibodies raised against such PTMs ([Figure 4](#F4){ref-type="fig"}B). Input ([Figure 4](#F4){ref-type="fig"}B, lane I) and SP-eluted core histones ([Figure 4](#F4){ref-type="fig"}B, lane E) do not differ significantly in their modification levels; thus the acid-SP histone purification method is suitable for obtaining large quantities of core histones with the preservation of their native PTMs. One modification that may not be protected is the elusive nitrogen phosphorylation, which is sensitive to low pH ([@B61; @B62; @B63]). To preserve this particular modification, the nonacid-salt-urea-SP ([Figure 2](#F2){ref-type="fig"}A) should be used. Figure 4.Preservation of histone PTMs by the acid-SP method. (**A**) Coomassie-stained 12.5% SDS--PAGE gel of samples obtained by SP after H~2~SO~4~ protein extraction from whole G7 and 1470.2 cells. Lane 1, input (I) H~2~SO~4~-crude extracted histone; lane 2, SP-FT fraction; lanes 3--5, 0.6 M NaCl wash; lane 6, core histones eluted at 2 M NaCl (E). (**B**) Immunoblotting of SP-input (I) and eluted (E) core histones. The antibodies used are indicated on the right of the blots. Bottom panel is a Ponceau S-stained nitrocellulose membrane of transferred histones.

SP purification of hyper-phosphorylated and hyper-acetylated core histones
--------------------------------------------------------------------------

Isolated or in vitro reconstituted polynucleosomes have been extensively used to unveil the role of histone N-termini in chromatin structure ([@B3],[@B64]). Acetylation of the N-terminal histone tails has been extensively studied ([@B3],[@B7],[@B8]). Much less is known about the effect of histone tail phosphorylation on chromatin structure and function ([@B65]). Gene-specific and transient phosphorylation of Ser10 and Ser28 on histone H3 is linked to gene activation ([@B3],[@B8]). On the other hand, global and persistent histone hyper-phosphorylation on several H3 residues (Thr3, Ser10, Thr11 and Ser28) and simultaneous phosphorylation of other histones (Ser1 on H2A and on H4) are linked to chromosome condensation ([@B3],[@B8],[@B45]). Thus, the most feasible (if not the only) way to obtain fully phosphorylated histones to evaluate their role in chromatin structure and dynamics is by using cell populations synchronized at mitosis. Using mitotically arrested HeLa cells (see 'Materials and Methods' section), we evaluated the SP method for its usefulness in purifying and preserving hyper-phosphorylated core histones. We also evaluated the SP method for purifying and preserving hyper-acetylated core histones obtained from HeLa cells treated with 40 mM sodium butyrate ([Figure 5](#F5){ref-type="fig"}) ([@B50],[@B51]). Figure 5.SP-purification of hyper-phosphorylated and hyper-acetylated core histones from HeLa cells extracted with H~2~SO~4~. (**A**) Coomassie-stained SDS--PAGE of SP-eluted core histones from logarithmically growing HeLa cells (lane log phase cells), metaphase-arrested cells enriched in hyper-phosphorylated core histones (lane mitotic cells) and butyrate-treated cells enriched in hyper-acetylated core histones (lane butyrate-treated cells). (**B**) Immunoblotting analysis of SP-eluted core histones using antibodies to the most prominent hyper-phosphorylated residues during mitosis (lane mitotic cells), and to globally hyper-acetylated histones H3 and H4 from butyrate-treated HeLa cells (lane butyrate-treated cells) (note that butyrate-treated lane and mitotic cell lane are inverted with respect to the same lanes in the Coomassie-stained gel). The lane log phase cell in (B) is a blotting-control of SP-eluted core histones from logarithmically proliferating HeLa cells; these histones are largely hypo-phosphorylated and hypo-acetylated. The bottom lower panel (in red) is the same membrane stained with Ponceau S, showing transferred core histones, prior to immunoblotting, and serves as a protein loading control.

Coomassie-stained SDS-gel of SP-eluted core histones demonstrates indistinguishable electrophoretic patterns for logarithmic, mitotic, or butyrate-treated cells ([Figure 5](#F5){ref-type="fig"}A). Significantly, immunoblotting analysis with antibodies specific for modifications at specific residues ([Figure 5](#F5){ref-type="fig"}B) clearly shows a dramatic increase in phosphorylation or acetylation of histones purified from metaphase or butyrate-treated cells (compared with logarithmic cells), respectively. Note that no particular enzymatic inhibitors were used during the purification processes. The remarkable degree of preservation of hyper-phosphorylated and acetylated histones is most likely due to inactivation of the respective phosphatases and deacetylases during the acid-extraction step.

H3 separation from H4 or bulk SP-eluted histones by covalent targeting H3 reduced Cys through thiopropyl-Sepharose-6B
---------------------------------------------------------------------------------------------------------------------

Thiol-activated covalent chromatography was originally used to specifically target reduced Cys located within the active cleft of papain ([@B66]). The rationale of our method for separating H3 from either bulk histones or H4 exploits the free-sulfhydryl-cysteine residues present on most H3s ([@B67]) (but not in other histones) by covalently targeting it with TPS ([Figure 6](#F6){ref-type="fig"}). Bulk histones ([Figure 6](#F6){ref-type="fig"}A and B) or H3/H4 ([Figure 6](#F6){ref-type="fig"}C and D) are denatured in 8-M urea to fully expose the reduced H3 Cys-SH groups to the TPS matrix and to prevent histone--histone interactions during the covalent chromatography ([@B23],[@B27]). Nonacid-salt-urea-Sp method, acid-SP and TPS use EDTA to prevent H3-sulfhydryl residues from being oxidized by traces of heavy metals. TPS covalent-bound H3 is recovered by incubating the matrix with 25--50 mM DTT in 8-M urea, 50 mM Tris--HCl, pH 8.0, 2 mM EDTA ([Figure 6](#F6){ref-type="fig"}B and D, lanes 6--10; compare with input histones, lane 1, respectively). We observed that bulk histones ([Figure 6](#F6){ref-type="fig"}B) and highly purified H3 and H4 ([Figure 6](#F6){ref-type="fig"}D) in 8-M urea precipitate poorly, if at all, with TCA or HClO~4~. Thus, to concentrate the histones and eliminate the urea, the procedure described in Note 4 is recommended. Alternatively, and if convenient, the samples can be dialyzed against an appropriate buffer or water. Figure 6.Isolation of H3 from bulk histones (**A** and **B**) and from H3/H4 mixtures (**C** and **D**) by Thiopropyl Sepharose^−^6B (TPS) chromatography. TPS contains reactive 2-thiopyridyl disulfide groups attached to Sepharose, allowing H3 capture via its unique reduced Cys. SP-purified core histones (B, lane 1) and SP-purified H3/H4 (D, lane 1) from mouse breast carcinoma 1470.2 cells were incubated with TPS in 8-M urea, 2 mM EDTA, 50 mM Tris--HCl, pH 8.0, to allow maximal exposure of the reduced cysteine on H3s to the immobilized activated thiol groups on the resin. Bulk histones depleted of H3 (B, lanes 2--4) or H4 depleted of H3 (D, lanes 2 and 3) can be recovered in the FT and the washes. H3 is eluted under mild reducing conditions in DTT (B and D, lanes 6--9). Lane 10 contain a 2× SDS--RSB extract of the resin at 100°C, after H3-DTT elution, to verify the effectiveness in H3 elution by DTT. Potential problems with TCA precipitation of diluted column fractions can be overcome by another SP run (Note 4).

Multiple oxidized forms of Cys and Met on H3 have been observed upon lengthy manipulations and storage of histone samples, such as cell lysis, HPLC fractionation and sample lyophilization. The presence of such oxidized forms may compromise the accuracy of MS measurements ([@B19]). As the Coomassie-stained gels in [Figure 6](#F6){ref-type="fig"}B and D reveal, the vast majority of H3 has been coupled to TPS (compare the input H3 quantity with that in the FT and the H3 eluates), which suggests a very low level of oxidized SH-groups in these samples. This low oxidation level might be attributed to the very low pH (\<1) during the extraction and precipitation procedures ([@B24]), the use of 2 mM EDTA throughout the fractionation procedures to chelate heavy metals, and/or the brevity of the entire procedure. One useful property of TPS purification is that it could discriminate between oxidized and reduced thiol groups on H3, thereby allowing capture of only the reduced forms of H3. Of note, our protocols avoid the use of reducing agents, which would interfere with the coupling reaction of H3 to the TPS.

Functionality of purified hyper- and hypo-phosphorylated H3/H4 and core histones: efficient assembly of hyper-phosphorylated mitotic histones into nucleosomes by histone chaperones
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Histones denatured by particular chemicals (e.g. 8-M urea, acetonitrile/TFA) can be re-folded simply by replacing the denaturing solution with a physiological one. In effect, structural models of the core particle were obtained with histones solubilized from bacterial inclusion bodies with urea, following their renaturation ([@B58],[@B68]). Moreover, nucleosomes reconstituted from RP--HPLC-separated histones are biochemically and biophysically indistinguishable from particles reconstituted with native purified core histones ([@B69]). Nevertheless, we assessed the folded state of our purified histones by the ability of a nucleosome assembly fraction containing histone chaperones ([@B52],[@B70]) to reconstitute histones into nucleosome-like particles. To that end, we compared the efficiency with which hyper- or hypo-phosphorylated histones are assembled into polytetrasomes and polyoctasomes (nucleosomal arrays containing either \[(H3/H4)~2~\]~n~ or \[(H3/H4/H2A/H2B)~2~\]~n~) by acid histone chaperones purified from HeLa cells ([@B52]). This is important, since little is known about the ability of hyper-phosphorylated histones to be assembled into nucleosomal-like arrays. Published data have shown that nucleosome assembly protein 1 (Nap1) binds histones H3--H4 by their N-terminal tails ([@B71]), therefore we tested if hyper-phosphorylation of mitotic histone tails would interfere with their deposition into nucleosomes by histone chaperones. Therefore, a supercoiling assay was carried out with partially purified histone chaperones from logarithmically proliferating HeLa cells (Q-Sepharose protein fraction eluted at 500 mM NaCl, QS500) ([@B52]). The QS500-mediated deposition of folded phosphorylated histones (thereby functional) onto a relaxed closed-circular plasmid in the presence of Topo I results in the formation of tetrasomes and octasomes. Upon removal of the histones, the resulting negatively supercoiled plasmid molecules can be resolved from the more relaxed topoisomers as faster migrating bands in agarose electrophoretic gels. This assay serves as a good assessment of the folded state of isolated histones as unfolded histones would be not able to supercoil relaxed DNA. [Figure 7](#F7){ref-type="fig"} shows that H3/H4 tetramer (A) and core histone octamer (B) purified from logarithmically grown and M-phase arrested HeLa cells were able to supercoil relaxed DNA in the presence of QS500 fraction ([Figure 7](#F7){ref-type="fig"}A and B, compare relaxed plasmid in lanes 2, 3 and 5 with supercoiled plasmid in lanes 4 and 6). As expected, histone deposition into nucleosomes depends on the presence of both histone chaperones (QS500-fraction) and histones: the QS500 fraction alone or the histones themselves do not have such activity ([Figure 7](#F7){ref-type="fig"}A and B, lanes 2, 3 and 5). This experiment demonstrates that both hypo- and hyper-phosphorylated histones can be efficiently reconstituted into polynucleosomes for further use in chromatin structure and function studies. Hyper-acetylated core histones also supercoiled relaxed plasmid DNA in the presence of QS500 fraction (data not shown). Figure 7.Supercoiling assay: purified hyper- and hypo-phosphorylated H3/H4 and core histones are functional and form tetrasomes and octasomes in the presence of chromatin assembly factors. Topo I-relaxed BlueScript plasmid was incubated with the respective histone fractions, which were pre-incubated with Q-Sepharose-isolated nucleosome assembly fraction (QS500) from HeLa cells. The topoisomer distribution in the plasmid population was analyzed by 0.9% agarose gel electrophoresis following proteinase K treatment and phenol/chloroform/isoamyl alcohol extraction. Reconstitution with M-phase hyper-phosphorylated H3/H4 histones (**A**) or core histones (**B**). Histones isolated from logarithmically proliferating cells, hence hypophosphorylated, were used in parallel. The components of the reaction mixtures and the histones used are indicated at the top of the figure.

CONCLUSIONS
===========

[Figure 8](#F8){ref-type="fig"} summarizes the main steps of the methods reported here. The essential feature of our methods is the use---at onset of histone isolation---of denaturing solutions such as 8-M urea or sulfuric acid to better preserve certain histone modifications ([Figures 2](#F2){ref-type="fig"}, [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Indeed, using conventional methodology that does not use denaturing solvents ([@B34]), leads to a drastic histone dephosphorylation ([Figure 2](#F2){ref-type="fig"}). Moreover, the methods reported here are shorter, simpler, less expensive and more flexible. For example, the HPLC is dispensable for obtaining pure H3 and H4. In addition, if one is interested in isolating H3 alone, this can be done through two simple low-pressure chromatographic steps: SP-bulk core histones isolation ([Figures 3](#F3){ref-type="fig"}B and [4](#F4){ref-type="fig"}A), followed by TPS-H3 separation from bulk histones \[[Figure 6](#F6){ref-type="fig"}A and B; [Figure 8](#F8){ref-type="fig"}, chart B, steps (ii) and (iii) outlined in green\]. Additionally, highly purified H3 and H4 can be obtained by nonacid extraction methods---but, importantly, under denaturing conditions---which can be valuable for the detection acid-labile modifications \[[Figures 2](#F2){ref-type="fig"} and [8](#F8){ref-type="fig"}, chart A, steps (i)--(iii), outlined in red; followed by steps (iv) and (v) outlined in orange\]. Notably, the preservation of fully phosphorylated mitotic histones ([Figure 5](#F5){ref-type="fig"}) and their assembly into polynucleosomes ([Figure 7](#F7){ref-type="fig"}) would open new avenues to investigate an important but understudied question: the impact of mitotic histone phosphorylation for chromatin structure and function. Figure 8.Flow charts of the newly developed histone purification and isolation protocols from mammalian cells. The different colors indicate different strategies for histone purification.
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